tmB^c:^m n jam 2006 

WO 2005/022651 PCT/EP2004/006314 

Quantum well structure 

5 

The present invention concerns a quantum well structure as well as a 
quantum well photodetector and a quantum cascade laser. 

A quantum well structure comprises two barrier layers of 
semiconductor material, and a so-called quantum well layer which is 

10 arranged between the two barrier layers and which is also made from a 
semiconductor material. The thickness of the quantum well layer, that is to 
say its extent in the normal direction (that is to say in the stacking direction 
of the layers) is generally markedly less than its lateral extent (that is to 
say perpendicularly to the stacking direction of the layers) and is typically 

15 only a few nm. 

The electrical characteristics of a semiconductor material can be 
described with what is referred to as the band model. This states that 
various energy ranges, referred to as the energy bands, are available to the 
electrons of the semiconductor material, within which bands the electrons 

20 can assume substantially any energy values. Different bands can be 
separated from each other by a band gap, that is to say an energy range 
with energy values which the electrons cannot assume. The number of 
electrons which a band can accommodate is limited. For a semiconductor 
material, the completely filled band which is highest in terms of energy, 

25 referred to as the valence band, and the empty conduction band which is 
above the valence band in terms of energy, as well as the band gap 
between them, are of particular significance. 

In quantum well structures as are used for example for quantum well 
infrared photodetectors, referred to for brevity as QWIPs, or quantum 

30 cascade lasers, referred to for brevity as QCLs, the semiconductor materials 
for the barrier layers and the quantum well layer are so selected that the 
conduction band of the barrier material is higher in energy terms than that 
of the quantum well material. The result of that choice is that the electrons 
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of the quantum well layer cannot readily penetrate into the barrier layers so 
that they are enclosed in the quantum well layer. 

In the quantum well layer, the characteristics of the electrons 
enclosed therein are determined by quantum-mechanics effects by virtue of 
5 the small thickness of the layer (a few nanometers). An essential effect in 
that respect is that the electrons in an energy band of the quantum well 
layer can no longer assume just any energy value within the energy range 
of the gap, but are fixed to the energy values of given energy levels. A 
change in the electron energy therefore does not occur continuously but 

10 abruptly from one energy level to another. It is only when the increase in 
energy or the decrease in energy which is experienced by an electron 
precisely corresponds to the difference in the energy values of two energy 
levels that it can change from one energy level to the other. Transitions 
from one energy level to another within one and the same band are 

15 referred to as intersubband transitions. 

In QWIPs and QCLs, the intersubband transitions are utilised for the 
detection or emission of light of a given wavelength, that is to say the 
absorption or emission of photons of a given photon energy. The quantum 
well layers used for that purpose are very homogeneous as, in 

20 homogeneous quantum well layers, the energies of the energy levels can 
be accurately adjusted by a suitable choice of the thickness of the quantum 
well layer, and therewith also the energy of the photons which are to be 
absorbed or which are emitted. The energy values of the energy levels in 
the energy bands of a quantum well layer react in that case very sensitively 

25 to changes in the layer thickness. Quantum-mechanics principles, referred 
to as selection rules, permit however absorption or emission in such 
homogeneous quantum well layers only when the photon which is to be 
absorbed or the emitted photon has an electrical field whose polarisation 
direction is in the normal direction of the quantum well layer. As the 

30 electrical field of a photon is polarised perpendicularly in relation to its 
direction of propagation, this means that light which is incident in the 
normal direction of the quantum well layer cannot be detected (QWIP) or 
that no light is emitted in the normal direction (QCL). Detection or emission 
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in the normal direction would be advantageous however as it would simplify 
coupling light into or out of the quantum well structure. 

There are therefore various approaches for permitting the absorption 
of light which is incident in the normal direction or the emission of light in 
5 the normal direction. 

US No 6 423 980 proposes for example arranging a diffraction 
grating over a quantum well structure for a QWIP, for deflecting a large 
part of the light incident in the normal direction, out of the normal direction, 
so that it is not propagated in the normal direction in the quantum well 

10 structure and accordingly can be absorbed. Actual absorption of photons 
which move in the quantum well structure in the normal direction does not 
however take place. 

Another approach involves eliminating the cause of the described 
absorption and emission behaviour. The homogeneity of the quantum well 

15 layer also means that there is a homogeneous distribution in respect of 
electron density in the layer. That homogeneity in the distribution of the 
electron density is the reason why photons which are incident in the normal 
direction of the quantum well layer cannot be absorbed therein. Therefore 
for example J Phillips et al 'Self-assembled InAs-GaAs quantum dot 

20 intersubband detectors 1 , IEEE Journal of Quantum Electronics 35, pages 
936-943, 1999, proposed introducing quantum dots, that is to say quasi- 
one-dimensional structures, into the quantum well layer of a QWIP in order 
to cancel the homogeneity of the layer. The consequence of cancellation of 
homogeneity by the quantum dots is that even the absorption of light which 

25 is incident in the normal direction, that is to say photons whose electrical 
field is not polarised in the normal direction of the layer, is possible in the 
corresponding quantum well layer. However variations for example in the 
size of the quantum dots arranged in the quantum well layer give rise to 
difficulties in precisely adjusting the energy values of the energy levels in 

30 the quantum well layer, and thus adjusting the photon energy to be 
absorbed. In addition, for energy reasons, the quantum dots must be 
relatively widely spaced from each other in order to result in significant 
cancellation of the homogeneity. The wide spacing however results in a 
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relatively low density in relation to surface area of the electrons as they are 
localised in the regions of the quantum dots, that is to say the electron 
density is high in the region of the quantum dots and low therebetween, 
and that has a detrimental effect on the absorption and emission 
5 characteristics of the quantum well layer. Finally the quantum dots also 
result in a limitation in the minimum possible thickness of the quantum well 
layer, and that restricts the adjustment options for the energies of the 
photons to be absorbed. 

Therefore the object of the present invention is to provide an 

10 improved quantum well structure, a quantum well photodetector as well as 
a quantum cascade laser, which permit the absorption of light incident in 
the normal direction. 

That object is attained by a quantum well structure as set forth in 
claim 1, a quantum well photodetector as set forth in claim 11 and a 

15 quantum cascade laser as set forth in claim 12. The appendant claims recite 
advantageous configurations of the quantum well structure according to the 
invention. 

A quantum well structure according to the invention comprises a 
quantum well layer arranged between two barrier layers. It is distinguished 

20 in that at least one of the barrier layers comprises nanostructures which 
compensate or modulate a lateral homogeneity of the barrier layer, which is 
present without the nanostructures, that is to say a homogeneity in the 
directions which extend perpendicularly to the stacking direction of the 
layers in the quantum well structure. In that respect nanostructures are to 

25 be considered as structures which are of a dimension of 100 nm or less in 
at least one direction in which they extend. The nanostructures used in the 
quantum well structure according to the invention however preferably 
involve a dimension of a maximum of 50 nm in at least one direction in 
which they extend. Further preferably the dimension is in the range of 

30 between 5 and 15 nm. 

The quantum well structure according to the invention permits the 
absorption or emission of photons in the normal direction of the quantum 
well layer without causing substantial difficulties in terms of precisely 



adjusting the energy values of the energy levels in the quantum well layer, 
and thus adjusting the photon energy to be absorbed. As, in the quantum 
well structure according to the invention, no quantum dots need to be 
present in the quantum well layer itself, the density in relation to surface 
5 area of the electrons of the quantum well structure is not substantially 
reduced. In addition, in the quantum well structure according to the 
invention, there is no substantial restriction in the minimum possible 
thickness of the layer so that a high degree of flexibility is possible in 
adjusting the energy values of photons to be absorbed or emitted. 

10 The quantum well structure according to the invention is based on 

the considerations set forth hereinafter: 

The typical materials which are used in the barrier layers and the 
quantum well layers are of a crystalline structure, that is to say their atoms 
involve a regular arrangement; they form the so-called lattice structure of 

15 the crystalline material. If the lattice structure of the material is continued 
substantially undisturbed it is to be viewed as a homogeneous material in 
terms of volume. Stretching and upsetting effects in respect of the lattice 
structure as a whole are in that respect essentially not to be viewed as 
disturbances. 

20 If the homogeneity of the quantum well layer is disturbed by 

quantum dots as in the state of the art in order to permit absorption or 
emission of photons incident in the normal direction of the layer, that 
intervention in the quantum well layer influences adjustment of the energy 
values of the energy levels, in a manner which is difficult to foresee. 

25 The invention is now based on the realisation that absorption or 

emission of photons incident in the normal direction of the layer can also be 
made possible by cancellation or modulation of the homogeneity of at least 
one of the barrier layers. The cause of this is that the homogeneity in terms 
of the distribution of electron density in the quantum well layer, which 

30 prevents the absorption of photons incident in the normal direction or the 
emission of photons in the normal direction, depends not just on the 
homogeneity of the grating structure of the quantum well layer, but also on 
the conditions at the interfaces in relation to the barrier layers. The 



conditions at the interfaces however also depend on the structure of the 
barrier layers. Therefore, cancelling or modulating the homogeneity of at 
least one barrier layer can cancel or modulate the homogeneity in respect 
of the distribution of electron density in the quantum well layer in the 
5 lateral direction without substantially influencing the lattice structure of the 
quantum well layer. Accordingly the energy values of the energy levels also 
remain substantially uninfluenced by cancellation or modulation of the 
homogeneity of at least one of the barrier layers so that the desired 
adjustment of the energy values is not detrimentally affected. In addition 

10 the density of the electrons in relation to surface area is not influenced as 
greatly as by quantum dots which are arranged in the quantum well layer. 

In an advantageous configuration of the quantum well structure 
according to the invention the nanostructures present are self-organised 
three-dimensional structures which can be in the form in particular of 

15 quantum dots or quantum wires. The self-organised structures represent 
one possible way of specifically producing the nanostructures. In that 
respect, nanostructures whose dimensions in all lateral directions are less 
than 100 nm, preferably less than 50 nm, and are preferably in the range 
of between 5 and 15 nm, are to be viewed as quantum dots. Quantum 

20 wires are distinguished over quantum dots in that their extent in one lateral 
direction is markedly greater than in other lateral directions. In particular 
the quantum wires can also exceed the specified dimensions, in the 
corresponding lateral direction in which they extend. The dimension of the 
quantum wires or quantum dots in a vertical direction is not more than 

25 about 10 nm, in particular they are in the range of between 1 and 5 nm and 
preferably in the range of between 2 and 3 nm. 

Materials whose lattice structure is markedly stretched in relation to 
the lattice structure of the barrier layer can be particularly well used to 
produce the self-organised structures. The greater the degree of stretching 

30 of the lattice structure, the correspondingly greater is the spacing of the 
atoms in the lattice from each other. A measurement in respect of the 
spacing of the atoms from each other in a lattice structure is the so-called 
lattice constant of the lattice structure. In an advantageous configuration of 



the nanostructures they are therefore made from a material which has a 
markedly greater lattice constant than the material of the barrier layer. 

In a further configuration of the quantum well structure according to 
the invention the barrier layer is in the form of an aluminum arsenide layer 
5 (AlAs layer) with indium arsenide islands (InAs islands) as nanostructures 
or an indium phosphide layer (InP layer) within indium arsenide islands 
(InAs islands) as nanostructures. Processing of the specified materials is so 
wide-spread in semiconductor technology that it is possible to have 
recourse to an extensive range of experience in handling thereof in 

10 manufacture of the quantum well structure according to the invention. 

In order to increase the efficiency of the quantum well structure in 
the absorption or emission of photons, a development of the quantum well 
structure according to the invention can provide two or more quantum well 
layers which are respectively separated from each other at least by a 

15 barrier layer. 

A quantum cascade laser (QCL) according to the invention and a 
quantum well photodetector according to the invention which in particular 
can be in the form of a quantum well infrared photodetector (QWIP) each 
include at least one quantum well structure according to the invention. 

20 Further features, properties and advantages of the present invention 

will be apparent from the description hereinafter of embodiments by way of 
example, with reference to the accompanying drawings. 

Figure 1 is a diagrammatic view of a first infrared photodetector as a 
first embodiment of the quantum well structure according to the invention, 

25 Figure 2 is a diagrammatic view of a second infrared photodetector 

as a second embodiment of the quantum well structure according to the 
invention, 

Figure 3 is a diagrammatic view of a third infrared photodetector as a 
third embodiment of the quantum well structure according to the invention, 
30 Figure 4 is a diagrammatic view of a quantum cascade laser as a 

fourth embodiment of the quantum well structure according to the 
invention, and 

Figure 5 shows a barrier layer of the fourth embodiment in detail. 



Figure 1 diagrammatically shows as a first embodiment a specific 
form of the QWIP, more specifically what is referred to as a gamma valley 
normal incidence infrared photodetector, referred to hereinafter as the GV- 
QWIP. The term 'gamma valley' indicates a specific range of the energy 
5 band in which the intersubband transitions are to be found. It is not to be 
further described herein. Arranged in the GV-QWIP, between an upper 
contact and cover layer 3 and a lower contact layer 5, is a quantum well 
structure according to the invention in which absorption of photons takes 
place, leading to a measurable voltage in the detector. The upper contact 

10 layer 3 and the lower contact layer 5 are each in the form of a silicon-doped 
gallium arsenide layer (GaAs:Si) of a thickness of about 500 nm. 

The quantum well structure is in the form of a periodic structure with 
30 periods 1, of which only one is representatively illustrated in Figure 1. 
Each period 1 includes a quantum well layer 7 of a layer thickness of about 

15 4 nm, a barrier layer 9 arranged over the quantum well layer 7 and of a 
layer thickness of about 2.5 nm, and a spacer layer 11 arranged over the 
barrier layer 9 and of a layer thickness of about 25 nm, representing a 
further barrier layer. In the present embodiment the spacer layer 11 is in 
the form of an aluminum gallium arsenide layer (AIGaAs). Each quantum 

20 well layer 7 is thus arranged between two barrier layers, more specifically 
between the barrier layer 9 which adjoins the top side of the quantum well 
layer 7 and the spacer layer 11 of the next lower period 1, that is to say the 
period which is closer to the substrate. 

The quantum well layer 7 is in the form of a silicon-doped gallium 

25 arsenide layer and represents the actual detector layer of the period, that is 
to say absorption of the photons takes place therein. In order to permit the 
absorption of photons which are incident in the normal direction of the 
quantum well layer 7 the barrier layer 9 includes indium arsenide islands 10 
as nanostructures. The barrier layer 9 itself is in the form of an aluminum 

30 arsenide matrix for the indium arsenide islands 10. The lateral extent of the 
islands is less than 50 nm, preferably between 5 and 15 nm, and the extent 
thereof in the normal direction of the barrier layer 9 is about 1-5 nm, 
preferably 2-3 nm. In that case the islands 10 are so arranged in the 



barrier layer 9 that their spacing with respect to the quantum well layer 7 is 
in the range of between 0.3 and 2 nm. Preferably however the spacing 
should be in the range of between 0.5 and 1 nm. In the present 
embodiment the spacing is about 1 nm or somewhat less. 
5 So that even the quantum well layer 7 of the lowermost period 1 is 

arranged between two barrier layers, adjoining the underside of that 
lowermost quantum well layer 7 is a lower spacer layer 13 which, like the 
other spacer layers 11, is in the form of an aluminum gallium arsenide 
layer. At the substrate side the spacer layer 13 is followed by a silicon- 

10 doped gallium arsenide layer 15 as a further spacer layer which does not 
serve as a barrier layer. In addition, between the silicon-doped gallium 
arsenide layer 15 and the substrate (not shown) there is a silicon-doped 
indium gallium phosphide layer (InGaP:Si) 17 which serves as an etching 
stop in production of the quantum well structure. 

15 Figure 2 shows an alternative configuration of the GV-QWIP as a 

second embodiment of the quantum well structure according to the 
invention. In the GV-QWIP shown in Figure 2, as in the first embodiment, a 
quantum well structure according to the invention is arranged between an 
upper contact and cover layer 103 and a lower contact layer 105. In the 

20 present embodiment the upper contact layer 103 is in the form of a silicon- 
doped indium gallium arsenide layer (InGaAs:Si) of a thickness of about 
500 nm while the lower contact layer 105 is in the form of a silicon-doped 
indium phosphide layer which at the same time represents the substrate of 
the GV-QWIP. An indium gallium arsenide layer which is about 200 nm thick 

25 is arranged as a buffer layer between the substrate 105 and the quantum 
well structure. 

In the normal direction the quantum well structure is in the form of a 
periodic structure with 50 periods 101 of which only one is representatively 
illustrated in Figure 2. Each period 101 of the second embodiment 
30 comprises a quantum well layer 107 of a layer thickness of about 4 nm, 
over which is arranged a barrier layer 109 of a layer thickness of at least 
between about 2 and 2.5 nm. Disposed over the barrier layer 109, as in the 
GV-QWIP of the first embodiment, is a spacer layer 111 of a layer thickness 



of about 25 nm, representing a further barrier layer. Unlike the GV-QWIP of 
the first embodiment, each period 107 also includes a further spacer layer 
112 of a thickness of about 25 nm, which serves at the same time as a 
barrier layer and which at the substrate side adjoins the quantum well layer 
5 107. Unlike the first embodiment the spacer layer 111 arranged over the 
barrier layer 109 is in the form of an indium aluminum arsenide layer, and 
likewise the spacer layer 112 which at the substrate side adjoins the 
quantum well layer 107. 

In the second embodiment the quantum well layer 107 is in the form 

10 of a silicon-doped indium gallium arsenide layer (InGaAs:Si) and represents 
the actual detector layer of the period 101. The barrier layer 109 is in the 
form of an aluminum arsenide matrix in which indium arsenide islands 110 
are embedded. The lateral extent of the islands is less than 50 nm, 
preferably being between 5 and 15 nm. The islands 110 which in the normal 

15 direction of the barrier layer 109 are of an extent of between 1 and 5 nm, 
preferably between 2 and 3 nm, are in this case arranged in the barrier 
layer 109 in such a way that their spacing relative to the quantum well 
layer is markedly less than 1 nm and in particular is between 0.5 and 0.8 
nm. 

20 A third embodiment of the quantum well structure according to the 

invention is shown in Figure 3. The embodiment represents a so-called X- 
valley normal incidence infrared photodetector, referred to hereinafter for 
brevity as an XV-QWIP. The term 'X-valley', like the term 'gamma valley', 
indicates a specific range of the energy band in which the intersubband 

25 transitions occur. 

In the XV-QWIP shown in Figure 3 a quantum well structure 
according to the invention is arranged between an upper contact and cover 
layer 203 of a thickness of about 500 nm and a lower contact layer 205 
which at the same time represents the substrate of the XV-QWIP. In the 

30 third embodiment both contact layers 203, 205 are in the form of a silicon- 
doped gallium phosphide layer. In addition a further silicon-doped gallium 
phosphide layer which is about 200 nm thick is arranged as a buffer layer 
206 between the substrate 205 and the quantum well structure. 



As in the GV-QWIP of the second embodiment, in the normal 
direction the quantum well structure is in the form of a periodic structure 
with 50 periods 201 of which only one is representatively illustrated in 
Figure 3. Each period 201 of the third embodiment comprises a quantum 
5 well layer 207 of a layer thickness of about 2.5 nm. Arranged over the 
quantum well layer 207 is a barrier layer 209 and thereover is a spacer 
layer 211 which represents a further barrier layer, of a layer thickness of 
about 25 nm. As in the case of the GV-QWIP of the second embodiment 
each period 207 also comprises a further spacer layer 212 of a thickness of 

10 about 25 nm, which serves at the same time as a barrier layer and which at 
the substrate side adjoins the quantum well layer 207. Both spacer layers 
211, 212 are in the form of gallium phosphide layers (GaP). 

In the XV-QWIP of the third embodiment the quantum well layer 207 
is in the form of a silicon-doped aluminum phosphide layer (AIP:Si) and 

15 represents the actual detector layer of the period 201. The barrier layer 209 
is in the form of an indium phosphide layer or in the form of a (AI,Ga)P 
matrix, that is to say a mixture of aluminum phosphide and gallium 
phosphide, in which indium arsenide islands 201 are embedded. The 
mixture (AI,Ga)P is in that respect also intended to include the limit cases of 

20 pure AIP or pure GaP. In this embodiment the lateral extent of the islands is 
also less than 50 nm, preferably being between 5 and 15 nm, and its extent 
in the normal direction of the barrier layer 209 is between 1 and 5 nm, 
preferably between 2 and 3 nm. In this case the islands 210 are so 
arranged in the barrier layer 209 that their spacing relative to the quantum 

25 well layer 7 is in the range of between 0 and 2 nm. In that respect the 
spacing of the islands 210 from the quantum well layer should be as small 
as possible, that is to say as close to zero as possible. In the present 
embodiment the islands 210 extend in the normal direction substantially 
through the entire barrier layer 209. 

30 Figure 4 diagrammatically shows an Alo.3Gao.7As/GaAs quantum 

cascade laser, QCL, as a fourth embodiment. The illustrated QCL comprises 
a periodic structure of which one period is shown in Figure 4. That period 
can be repeated up to several thousand times in a QCL. Each period of the 



QCL comprises a number of mutually alternately arranged quantum well 
layers 301A - 301H and barrier layers 303A - 303H. In the present 
embodiment the quantum well layers 301A - 301H are in the form of 
gallium arsenide layers and the barrier layers 303A - 303C as well as the 
5 barrier layers 303E - 303H are in the form of aluminum gallium arsenide 
layers (AIGaAs). The composition and structure of the barrier layer 303D is 
described hereinafter with reference to Figure 5. 

In a QCL intersubband transitions of electrons in the quantum well 
layer 301 are used for the emission of photons with a given photon energy. 

10 In that respect, in particular the quantum well layers 301C, 301D and the 
barrier layer 303D are of significance for the emission of photons. An 
electron which is in the quantum well layer 301D at an energy level of a 
high energy value can pass in a quantum-mechanics process through the 
barrier layer 303D into the quantum well layer 303C, in which respect 

15 reference is made to the electronic tunnelling through the barrier layer 
303D. The physical properties of the layers 301C, 301D and 303D are so 
selected that, after tunnelling through the barrier layer 303D, the electron 
in the quantum well layer 303C goes from the energy level at the high 
energy value to an energy level at a low energy value, in which case it 

20 emits a photon 305 whose energy corresponds to the difference between 
the two energy values. 

Arranged in the barrier level 303D are nanostructures 310 which 
modulate the homogeneity of the barrier layer 303D in the lateral direction 
and thus the lateral homogeneity of the distribution of the electron density 

25 in the quantum well layer 303C. The barrier layer 303D thus permits the 
emission of photons in the normal direction of the quantum well layer 303C 
without nullifying or modulating the homogeneity of the quantum well 
structure 303 itself. 

The barrier layer 303D is shown in detail in Figure 5. Arranged 

30 between two aluminum gallium arsenide layers 304 and 306 of a thickness 
of about 1.4 nm and 0.8 nm respectively is an aluminum arsenide layer 303 
serving as a matrix for indium arsenide islands 310 as nanostructures. In 
the normal direction of the aluminum arsenide layer 308 the indium 



arsenide islands 301 are of a dimension of about 0.6 nm. They are 
embedded in the aluminum arsenide layer 308 in such a way that they are 
at a respective spacing of about 0.6 nm in relation to the aluminum gallium 
arsenide layers 304 and 306. In total the thickness of the aluminum 
5 arsenide layer 308 is therefore about 1.8 nm so that the barrier layer 303D 
is overall about 4 nm in thickness. 

In the described embodiments the lateral dimensions of the 
nanostructures are so selected that in the lateral direction they are no 
greater than about 50 nm and are preferably in the range of between 5 and 

10 15 nm. Such small structures can also be viewed as quantum dots. The 
optimum dimensions of the quantum dots can depend in that case on the 
material used. Instead of being in the form of quantum dots however the 
nanostructures can also be in the form of quantum wires and in particular 
also can be of a greater dimension than 50 nm in the lateral direction 

15 without substantially impairing the function which they perform as 
nanostructures in accordance with the invention. 

The described embodiments describe aluminum arsenide barrier 
layers with indium arsenide islands as nanostructures as well as (In,Ga,AI)P 
layers (that is to say layers comprising a mixture of indium, gallium and 

20 aluminum phosphide, wherein the mixture can also be pure indium, gallium 
or aluminum phosphide) with indium arsenide islands as nanostructures. 
The present invention however is not limited to that choice of material. 
Rather, a large number of combinations of materials is suitable, which are 
preferably so selected that the material used for the islands has a markedly 

25 greater lattice constant than the materia! used for the barrier layer as that 
requires self-organisation of the islands in the barrier material. 

The layers described in the embodiments by way of example can be 
produced in known manner for example by molecular beam epitaxy (MBE) 
or by means of chemical gaseous phase deposition (CVD). 
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